Abstract: Transcription factors (TFs) play fundamental roles in the developmental processes of all living organisms. Squamosa Promoter Binding Protein-like (SBP/SBP-Box) is a major family of plant-specific TFs, which plays important roles in multiple processes involving plant growth and development. While some work has been done, there is a lot more that is yet to be discovered in the hexaploid wheat SBP (TaSBP) family. With the completion of whole genome sequencing, genome-wide analysis of SBPs in common hexaploid wheat is now possible. In this study, we used protein-protein Basic Local Alignment Search Tool (BLASTp) to hunt the newly released reference genome sequence of hexaploid wheat (Chinese spring). Seventy-four TaSBP proteins (belonging to 56 genes) were identified and clustered into five groups. Gene structure and motif analysis indicated that most TaSBPs have relatively conserved exon-intron arrangements and motif composition. Analysis of transcriptional data showed that many TaSBP genes responded to some biological and abiotic stresses with different expression patterns. Moreover, three TaSBP genes were generally expressed in the majority of tissues throughout the wheat growth and also responded to many environmental biotic and abiotic stresses. Collectively, the detailed analyses presented here will help in understanding the roles of the TaSBP and also provide a reference for the further study of its biological function in wheat.
Introduction
Throughout the entire lifespan of a plant, plant-specific transcription factors (TFs) play key roles in regulating the expression of downstream genes in a temporal and spatial manner by specifically binding cis-acting elements of gene promoter regions, and thereby regulate plant growth and development processes [1, 2] . For example, in rice, Rice Starch Regulator1 (RSR1) from APETALA2/ethylene responsive factor (AP2/ERF) TFs negatively regulates the expression of type I starch synthesis genes, and RSR1 deficiency results in enhanced expression of starch synthesis genes in seeds and facilitates the improvement of rice quality and nutrition value [3] . A cotton v-myb avian myeloblastosis viral oncogene homolog (MYB) member, GbMYB5, is positively involved in plant adaptive responses Guangzhou, Guangdong, China; https://github.com/CJ-Chen/TBtools/) to produce an illustration [53] . The annotations of those predicted motifs were analyzed by Simple Modular Architecture Research Tool (SMART; version 7 http://coot.embl-heidelberg.de/SMART/) and the InterproScan online tool (version 75.0, http://www.ebi.ac.uk/interpro/) [42, 43] .
Chromosomal Location and Duplication Patterns of Wheat SBP Proteins
The start and end location information of TaSBP genes were extracted from the genome reference GFF3 files. Then, these TaSBPs were separately assigned to wheat chromosomes based on their physical position and displayed using the software MapInspect Version 1.0 (http://www.softsea.com/review/ MapInspect.html) [54] . The common tool "all against all BLAST search" was used to determine possible paralogous or orthologous sequences among wheat and its subgenome donor with an E-value cutoff of 1 × 10 −10 , and identity > 75% [55] . Then, we used Multiple Collinearity Scan toolkit (MCScanX) to depict their homology relationships [56] . The R package "circlize" was used to draw the diagram showing their locations and homology relationships [57] . In addition, the non-synonymous (Ka) and synonymous (Ks) substitution rates were calculated with the using Dna Sequence Polymorphism (DnaSP) 5.10 to analyze gene duplication events [58] .
Cis-Acting Elements and miR156 Target Site Prediction
Promoter regions, defined as the 1500-bp sequences upstream of start codons, were searched for cis-acting elements using the PlantCARE database [59] . Using the Analysis of Motif Enrichment (AME) function in the MEME program, enrichment analysis was performed to identify regulatory elements within a collection of promoter sequences from all genes [1] . The motif with an adjusted Fisher's test p-value less than 0.05 was considered to be a significantly enriched one. The full-length nucleotide sequences of TaSBPs were analyzed to predict the putative target sites of miR156 using psRNATarget tool (2017 release version, http://plantgrn.noble.org/psRNATarget/?function) [60, 61] .
Multiple Conditional Transcriptome Analysis of TaSBP
Multiple RNA-seq original data from different tissues, development stages, and treatments were downloaded from the NCBI Short Read Archive (SRA) database and mapped to the wheat genome by hisat2. Then, gene assembly, expression level calculations, and identifications of differences in differentially expressed genes were performed using Cufflinks [62] . The obtained expression FPKM (fragments per kilobase of transcript per million) values were used to generate the heat map of TaSBPs using the R package "pheatmap" [63] .
Characterization of Wheat SBP Proteins
The identified wheat SBP proteins were used to performed characterization analysis on the ExPASy Server10 (https://prosite.expasy.org/) [64] . The features of protein length, molecular weight (MW), theoretical isoelectric point (pI), instability index, aliphatic index, and grand average of hydropathicity (GRAVY) were all predicted. The similarity analysis of the full-length sequence was conducted using DNAman6.0 and online analysis software Weblogo (version6.0, Lynnon Biosoft, Quebec City, QC, Canada; http://weblogo.berkeley.edu/logo.cgi/) [6] . Subcellular localization prediction was carried out using Plant-mPLoc (version 2.0, http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/) and WoLF PSORT (https://wolfpsort.hgc.jp/), and signal peptides prediction was performed on SignalP (version 4.1, http://www.cbs.dtu.dk/services/SignalP/) [65] [66] [67] .
Results

SBP Sequences Search
After genomic retrieval, 100 SBP-like proteins were obtained from hexaploid wheat. However, after validation by SMART and InterPro online tools, only 74 wheat protein sequences were confirmed Agronomy 2019, 9, 527 5 of 31 to be members of the SBP family, which belong to 56 genes (include 18 splice variants) ( Table 1 and  Table S1 ). Genes had a 1:1:1 correspondence across the three homoeologous subgenomes (A, B, and D subgenome) in wheat referred to as triads [68] . We identified 16 triads TaSBPs with reference to the results of Ramírez-González et al. [68] (Table S2 ). The naming of wheat SBP genes consists of five parts: (1) "TaSBP" represents the hexaploid wheat SBP gene family; (2) Arabic numerals represent the gene number; (3) "-A/B/D" represents the subgenomic group where the gene is located; (4) "L/S" means that the gene is located on the long/short arm of the chromosome; and (5) lowercase letters "a", "b" and "c" represent different splice variants of one gene. In addition, we also searched for SBPs from diploid (Aegilops tauschii, AeSBPs (the number is 16); Triticum urartu, TuSBPs (the number is 17)) and tetraploid donors (Triticum dicoccoides, TdSBPs (the number is 31)) of hexaploid wheat ( Table 2 ). The naming of these genes is consistent with the form of wheat SBPs. 
Classification of the SBP Gene Family
To investigate the evolutionary relationships in grass species, we constructed a ML tree with MEGA7.0 [49] using the amino acid sequence of putative SBP family members from nine dicot and monocot subfamilies: Arabidopsis, apple, grape, tomato, pineapple, rice, maize, sorghum, and barley ( Figure S1 , Table S3 ). According to the comprehensive phylogenetic tree, the result showed that the predicted TaSBP family cluster into five subfamilies, named Groups I-V. The 56 SBP genes from wheat had representatives in all subfamilies: Group IV included the least TaSBP proteins (6), Group III had the greatest number of TaSBP members (20) , Group I and V each have nine members, and Groups II and IV included 12 members ( Figure S1 ).
To gain a better understanding of the structural diversity of the TaSBPs, we also built a separate phylogenetic tree of wheat and its subgenomic donors using the same method ( Figure 1A , Table 2 ). As shown in the Figure 1A , we found that Triticum urartu has the most members in Group III (6 members); Triticum dicoccoides has the most members in Groups II and V (8 members); Groups I-II have the same number SBP proteins from Aegilops tauschii (4). We also found that SBP members of hexaploid wheat, Triticum urartu, Triticum dicoccoides and Aegilops tauschii were distributed in Groups I-V, respectively. The group with the most members is Group III, including 17 TaSBPs, 6 TuSBPs, 7 TdSBPs, and 4 AeSBPs. Group IV has the fewest members, including 6 TaSBPs, 6 TuSBPs, 4 TdSBPs, and 2 AeSBPs. 
The Pattern of Gene Structure and Conserved Motifs
By comparing the gene structure, we concluded that SBP genes contained different exon-intron composition patterns (Table 1; Table 2 ). Additionally, Figure 1 also provides a detailed illustration of the relative lengths of the introns, along with the conservation of the corresponding exon sequences within each SBP gene in the hexaploid wheat and its diploid and tetraploid donors. In hexaploid wheat, we found 51 TaSBP sequences have complete UTRs. Of the remaining five sequences, four genes did not have 5 -and 3 -UTRs (TaSBP3-BLa, TaSBP5-ALa, TaSBP5-DLa, and TaSBP6-DLa) and one (TaSBP16-ALa) has only 3 -UTR. TaSBP2-ASa/TaSBP2-BSa/TaSBP2-DSa contained only two exons, whereas TaSBP6-ALa/TaSBP6-BLa/TaSBP6-DLa and TaSBP12-ASa/TaSBP12-BSa/TaSBP12-DSa contained 11 exons with varying lengths. The intron number of TaSBP sequences ranged from 1 to 10. In Triticum urartu L., members from Groups I, II, and IV have the same number of exons, respectively, 3, 10, and 3. TuSBP1-ALa and TuSBP13-Ala have the largest number of exons, i.e. 10. In Triticum dicoccoides, the number of exons ranged from 1 (TdSBP3-ASa, TdSBP8-BLa, TdSBP19-BSa, and TdSBP26-BSa) to 11 (TdSBP11-ALa). In Aegilops tauschii L., the gene structure of Groups I, III and V is relatively conservative. For Group II, the number of exons ranged from 6 (AeSBP8-DLa) to 11 (AeSBP12-DSa). In general, the genetic conservatism of Group II was lower compared to the other groups, especially in TdSBPs. By analyzing the length of exons, we found that most of the second exons are translated as SBP-box domains. Moreover, phylogenetic trees classified TaSBPs with similar exon-intron structure together. Taking Group III as an example, all members consisted of a short exon sandwiched between two longer exons ( Figure 1 ). This is probably a sign that the genes in the same group have similar functions, as Pan et al. demonstrated in moso bamboo (Phyllostachys heterocycla L.) [11] .
We used the MEME online tool to predict the motif distribution and composition of TaSBP proteins. According to the report of Bailey et al., motifs with E-values > 0.01 are probably just statistical components rather than real motifs [52] . Thus, we chose the 20 most statistically significant motifs to describe the motif pattern of SBPs from the hexaploid wheat and its diploid and tetraploid donors ( Figure 2) . Details of these 20 motifs are shown in Table S4 . The lengths of the 20 motifs were between 15 (Motif 9) and 50 (Motifs 4, 12, and 17) amino acid residues. The number of motifs in each TaSBP protein varied from 5 (TaSBP2-ASa, TaSBP2-BSa, and TaSBP2-DSa) to 17 (TaSBP14-BSa and TaSBP14-DSa). Notably, each of the TaSBP proteins contained Motifs 1, 2 and 4 (Motifs 1 and 2 are both SBP zinc-binding sites). Furthermore, Motifs 5, 8, and 13 were distributed across all groups, whereas Motifs 3, 14, and 15 only existed in Group V (Figure 2 ). Almost all TuSBP proteins had Motifs 1 and 2, except for TuSBP17-ALa (without Motif 2). Similarly, Motifs 1, 2 and 4 were identified in all AeSBP proteins. Almost all TdSBP proteins had Motifs 1 and 4, except for TdSBP7-BLa (without Motif 4), TdSBP25-ALa (without Motif 4), TdSBP30-BLa (without Motif 4) and TdSBP8-BLa (without Motif 1). These results show that the motifs of SBP proteins were conserved. As a result, members with conserved motif compositions and similar gene structures were divided into the same groups.
distributed on short arms. Chromosomes 7A and 7B contained the highest number of TdSBP genes (6); no genes are mapped to chromosome 4B. In Aegilops tauschii, 16 AeSBP genes are unevenly distributed on seven chromosomes, and seven AeSBPs were located on the short arm of the chromosome. As a result, distribution of these SBP genes on chromosomes in different species was irregular; for example, the number of genes distributed on chromosome 7 is always larger than others (Figures 3 and 4) . 
Chromosomal Distribution of SBP Genes
The reference GFF3 files provided the chromosomal location information of the TaSBP genes. After positioning, 56 TaSBPs were mapped on 19 chromosomes ( Figure 3 and Table 1 ), and there were no SBP genes found on chromosomes 4B and 4D. A large proportion of the TaSBP genes were distributed on chromosome 7 (23 genes) and the fewest were distributed on chromosome 4 (1 gene). We know that wheat underwent two separate allopolyploidization events; 21 chromosomes in wheat come from three duplicates (A, B and D subgenome) of the genome [69] . In this study, we found that all TaSBPs were distributed roughly evenly across the three subgenomes (subgenome A, 19; subgenome B, 18; and subgenome D, 19) . Additionally, we found that the members of each group were distributed on both the long and short arms of the chromosomes, and 24 genes were distributed on the short arms. There are more genes distributed on the long arms, a total of 32 TaSBPs (Figure 3) . However, the distribution range of genes on chromosomes varied from group to group. Group IV was distributed on chromosome 2, whereas Group III was the most widely distributed in the genome, being on chromosome 1, 2, 5, 6, and 7 ( Figure 3) . In Triticum urartu, 17 TuSBP genes were placed on six of seven chromosomes, five of which were distributed on short arms. Chromosome 7 contained the highest number of TuSBP genes (8); only one member was assigned on each of chromosomes 1, 3 and 5. In Triticum dicoccoides, 31 TdSBP genes were located on 13 chromosomes, 14 of which were distributed on short arms. Chromosomes 7A and 7B contained the highest number of TdSBP genes (6); no genes are mapped to chromosome 4B. In Aegilops tauschii, 16 AeSBP genes are unevenly distributed on seven chromosomes, and seven AeSBPs were located on the short arm of the chromosome. As a result, distribution of these SBP genes on chromosomes in different species was irregular; for example, the number of genes distributed on chromosome 7 is always larger than others (Figures 3 and 4) . 
Homologous Gene Pairs and Synteny Analysis
In comparative genomics, phylogeny-based and bidirectional best-hit methods are commonly used to determine possible paralogous or orthologous pairs. To identify orthologs of wheat and its subgenomic donors, 62, 42, 22, and 25 pairs of putative paralogous of TaSBP vs. TaSBP, TaSBP vs. TuSBP, TaSBP vs. TdSBP, and TaSBP vs. AeSBP were identified ( Figure 5 ). These results were consistent with phylogenetic analyses in Figure 1(A) . After we removed the gene pairs associated with triads, we obtained 35 homologous pairs of TaSBP vs. TaSBP. To better understand the evolutionary factors that affect the SBP gene family, we calculated Ka and Ks ratio between TaSBP gene pairs (Table S5 ). The ratio of 12 TaSBP vs. TaSBP pairs of the tandem and segmental duplications was less than 1, suggesting that this gene family might have undergone light degree purifying selective pressure during evolution in wheat. The chromosome locations of most wheat SBP genes 
In comparative genomics, phylogeny-based and bidirectional best-hit methods are commonly used to determine possible paralogous or orthologous pairs. To identify orthologs of wheat and its subgenomic donors, 62, 42, 22, and 25 pairs of putative paralogous of TaSBP vs. TaSBP, TaSBP vs. TuSBP, TaSBP vs. TdSBP, and TaSBP vs. AeSBP were identified ( Figure 5 ). These results were consistent with phylogenetic analyses in Figure 1A . After we removed the gene pairs associated with triads, we obtained 35 homologous pairs of TaSBP vs. TaSBP. To better understand the evolutionary factors that affect the SBP gene family, we calculated Ka and Ks ratio between TaSBP gene pairs (Table S5 ). The ratio of 12 TaSBP vs. TaSBP pairs of the tandem and segmental duplications was less than 1, suggesting that this gene family might have undergone light degree purifying selective pressure during evolution in wheat. The chromosome locations of most wheat SBP genes and their orthologs in Triticum urartu, Triticum dicoccoides, and Aegilops tauschii could correspond to each other ( Figure 5 ). However, TaSBP6-DLa on wheat chromosomes 5DL had corresponding orthologs on 4AL (TdSBP11-ALa) in Triticum dicoccoides. Figure 5 ). However, TaSBP6-DLa on wheat chromosomes 5DL had corresponding orthologs on 4AL (TdSBP11-ALa) in Triticum dicoccoides. 
SBP Genes with MicroRNA156 Target Sites
Furthermore, miR156 target sites were compared in each of the SBP genes we identified to gain further insight into their evolutionary relationship with one another. Querying the miRBase database [61, 70] for miR156, we found 59 SBP genes (including 31 TaSBPs, 5 TuSBPs, 14 TdSBPs and 9 AeSBPs) coding DNA sequence (CDS) sequences well matched with miR156 and might be the targets of microRNAs ( Figure 6 ). It is worth noting that these 59 genes are all from Group I (20), II (1), IV (10) and V (28) . Since miR156 and its target genes are thought to be involved in some important developmental processes since overexpression of OsmiR156b and OsmiR156h in rice resulted in 
Furthermore, miR156 target sites were compared in each of the SBP genes we identified to gain further insight into their evolutionary relationship with one another. Querying the miRBase database [61, 70] for miR156, we found 59 SBP genes (including 31 TaSBPs, 5 TuSBPs, 14 TdSBPs and 9 AeSBPs) coding DNA sequence (CDS) sequences well matched with miR156 and might be the targets of microRNAs ( Figure 6 ). It is worth noting that these 59 genes are all from Group I (20), II (1), IV (10) and V (28) . Since miR156 and its target genes are thought to be involved in some important developmental processes since overexpression of OsmiR156b and OsmiR156h in rice resulted in various phenotypic changes such as severe dwarfism, strongly reduced panicle size, and delayed flowering [15] . We speculate that the miRNA156 target genes of SBPs (from Triticum aestivum, Triticum urartu, Triticum dicoccoides and Aegilops tauschii) may also be involved in the regulation of plant growth and development. various phenotypic changes such as severe dwarfism, strongly reduced panicle size, and delayed flowering [15] . We speculate that the miRNA156 target genes of SBPs (from Triticum aestivum, Triticum urartu, Triticum dicoccoides and Aegilops tauschii) may also be involved in the regulation of plant growth and development. 
Identification of Cis-Acting Elements in the Promoter of SBP Genes
The different cis elements in the promoter of a gene indicate possible factors that affect the regulation of gene expression. In the present study, cis-elements responsible for biotic/abiotic stress, growth and development and phytohormone response were identified (Figure 7 , Tables S6 and S7 ). In biotic/abiotic stress, two motifs, G-box and CAAT, were most frequently identified in the wheat SBP gene promoters [71] . For hormone-related cis-acting elements, the MeJA-responsive elements CGTCA and TGACG were most frequently identified in the TaSBP gene promoters [1, 72] . The ABA-responsive element (ABRE) was also found in most of wheat SBP genes [73] . For TaSBP3, seven, eight, and nine cis-elements were identified on its A, B, and D homoeolog promoters, respectively. Several growth and development related cis-elements, such as TATA-box, CAAT-box and CAT-box were also present in promoters of some wheat SBP genes [1, 71] . The distribution pattern of cis-acting elements in Triticum urartu and Aegilops tauschii is also similar to that of hexaploid wheat (Figure 8) . In Triticum dicoccoides, the degree of enrichment of TdSBP1-ALa, TdSBP2-BLa, TdSBP3-ASa, TdSBP3-ASa, TdSBP8-BLa, TdSBP11-ALa, and TdSBP11-ALa in cis-acting element TATA-box and CAAT-box is relatively higher than other TdSBPs. 
The different cis elements in the promoter of a gene indicate possible factors that affect the regulation of gene expression. In the present study, cis-elements responsible for biotic/abiotic stress, growth and development and phytohormone response were identified (Figure 7 , Tables S6 and S7 ). In biotic/abiotic stress, two motifs, G-box and CAAT, were most frequently identified in the wheat SBP gene promoters [71] . For hormone-related cis-acting elements, the MeJA-responsive elements CGTCA and TGACG were most frequently identified in the TaSBP gene promoters [1, 72] . The ABAresponsive element (ABRE) was also found in most of wheat SBP genes [73] . For TaSBP3, seven, eight, and nine cis-elements were identified on its A, B, and D homoeolog promoters, respectively. Several growth and development related cis-elements, such as TATA-box, CAAT-box and CAT-box were also present in promoters of some wheat SBP genes [1, 71] . The distribution pattern of cis-acting elements in Triticum urartu and Aegilops tauschii is also similar to that of hexaploid wheat (Figure 8) . In Triticum dicoccoides, the degree of enrichment of TdSBP1-ALa, TdSBP2-BLa, TdSBP3-ASa, TdSBP3-ASa, TdSBP8-BLa, TdSBP11-ALa, and TdSBP11-ALa in cis-acting element TATA-box and CAAT-box is relatively higher than other TdSBPs. 
Expression Analysis of SBP Genes in Wheat
The original RNA-seq data related to biotic stress, abiotic stress and growth and development were downloaded from the NCBI database and used to mine the expression profiling of 74 TaSBP 
The original RNA-seq data related to biotic stress, abiotic stress and growth and development were downloaded from the NCBI database and used to mine the expression profiling of 74 TaSBP proteins we identified, and then used to generate heat maps (Table S8 ). To discuss whether there is a difference in the expression level of the gene's shear variant, we also put the expression profile data of 18 shear variants in the same table. Figure 9 shows the expression level of TaSBP genes under abiotic stresses. In PEG6000 simulated drought stress, the expression of genes TaSBP6-ALa, TaSBP6-BLb, TaSBP6-DLa, TaSBP14-ASa, TaSBP14-BSa, TaSBP14-BSb, and TaSBP14-BSb were generally high (fold change > 3). At the same time, gene expression patterns are different in different cultivars. For example, in drought stress, the expressions of gene TaSBP6-ALa, TaSBP6-BLb, and TaSBP6-DLa in Gemmiza 10 increased with an extension in treatment time, while the expressions in Giza168 decreased over time. Six genes (TaSBP5-ALa, TaSBP5-BLa, TaSBP5-DLa, TaSBP6-BLb, TaSBP6-DLa, and TaSBP14-ASa) were highly expressed under high temperature stress, and their expression levels were all higher at 6 h after treatment than at 1 h. After two weeks of low temperature treatment, the expression levels of genes TaSBP9-DSa and TaSBP11-DSa were significantly higher than those of the experimental control. In the treatment of phosphorus starvation, 14 genes were highly expressed in root (TaSBP1-ALa, TaSBP1-BLb, TaSBP1-Dla, TaSBP6-ALa, TaSBP6-BLa, TaSBP6-BLb, TaSBP6-DLa, TaSBP9-DSa, TaSBP11-DSa, TaSBP14-ASa, TaSBP14-BSa, TaSBP14-BSb, TaSBP14-DSa, and TaSBP14-DSb). After increasing the heat treatment, the expression levels of genes TaSBP5-BLa, TaSBP6-ALa, TaSBP6-BLb, and TaSBP6-DLa were downregulated, compared with drought stress alone after 1 h (Figure 9 ). During a 6-h combined heat and drought stress, the expression of TaSBP5-BLa and TaSBP5-DLa was lower than that under drought stress alone. The high expression of TaSBP14-ASa at 6 h of heat treatment was inhibited while being affected by drought stress. This was also the case with the expression of TaSBP5-ALa. During biotic stress, 35 TaSBP genes were expressed by Fusarium graminearum infection (Figure 10 ). These TaSBPs could be divided into two groups. One group contained 18 members that generally highly expressed in Gemmiza 10 and Giza168 (fold change > 3). The other group contained the remaining members (17) , which had lower expression (fold change < 3). In addition, TaSBP6-ALa, TaSBP6-BLb, and TaSBP6-DLa responded to the infection of stripe rust, and their expression increased with extended treatment time after one day post inoculation (dpi) in variety Vuka. After 9 dpi of Zymoseptoria tritici inoculation, the expression of gene TaSBP6-ALa, TaSBP6-BLb, and TaSBP6-DLa were consistently suppressed compared with the control experiment. TaSBP6-ALa, TaSBP6-DLa, and TaSBP14-BSa were significantly expressed in response to the stress of powdery mildew in leaf (fold change > 3).
As shown in Figure 11 , 18 genes (TaSBP1-ALa, TaSBP1-BLb, TaSBP1-Dla, TaSBP6-ALa, TaSBP6-BLb, TaSBP6-DLa, TaSBP9-ASa, TaSBP9-ASb, TaSBP9-BSa, TaSBP9-DSa, TaSBP11-ASa, TaSBP11-BSa, TaSBP11-DSa, TaSBP14-ASa, TaSBP14-BSa, TaSBP14-BSb, TaSBP14-DSa, and TaSBP14-DSb), were expressed in most developmental stages, suggesting that SBP genes may play vital roles in plant growth and development. Furthermore, four genes (TaSBP9-ASa, TaSBP9-ASb, TaSBP9-BSa, and TaSBP9-DSa) were lowly expressed at seeding stage, anthesis and milk grain stage, and highly expressed in tillering stage, full boot and 30% spike stage. In addition to TaSBP1-ALa, TaSBP1-BLb, TaSBP1-Dla, TaSBP9-ASb, and TaSBP11-ASa, the remaining 13 members of these 18 genes all had the highest expression in the stigma or ovary, compared with other tissues at the flowering stage. Taken together, TaSBP6-ALa, TaSBP6-BLb, TaSBP6-DLa, TaSBP9-ASa, TaSBP9-ASb, TaSBP9-BSa, TaSBP9-DSa, TaSBP14-BSa, TaSBP14-BSb, TaSBP14-DSa, and TaSBP14-DSb were highly expressed in multiple tissues, may be involved in the regulation of growth and development, and may require further functional analysis. combined stress (cultivar: TAM 107), cold stress (cultivar: Manitou), and phosphorous starvation (cultivar: Chinese Spring) (SBA numbers: PRJNA257938, PRJNA253535, PRJNA306536 and PRJDB2496). Blocks with colors indicate decreased (blue) or increased (red) expression levels. The gradual change of the color indicates different level of gene log2-transformed expression (fold change > 3 is significantly expressed). 
Protein Features and Conservative Domain Analyses
The proteins encoded by the 138 predicted full-length SBP proteins (TaSBP, 74; TuSBP, 17; TdSBP, 31; and AeSBP, 16) range from 100 (TuSBP14-ALa) to 1129 (TaSBP14-BSa, TaSBP14-DSa, and 
The proteins encoded by the 138 predicted full-length SBP proteins (TaSBP, 74; TuSBP, 17; TdSBP, 31; and AeSBP, 16) range from 100 (TuSBP14-ALa) to 1129 (TaSBP14-BSa, TaSBP14-DSa, and AeSBP13-DSa) amino acids (aa). The assumed molecular weights of the SBP proteins vary widely, ranging from 11.36 (TuSBP14-ALa) to 123.70 kD (TaSBP14-BSa). The maximum number of SBP proteins (107) was alkaline in nature according to their isoelectric point, which was greater than 7. However, the isoelectric point of some SBP members (31) was lower than 7, indicating that they are acidic proteins in nature. Our result show that the SBP genes encode unstable proteins because the instability index of 128 SBP proteins we identified was greater than 40. All SBP proteins were found to be hydrophilic based on their GRAVY value. Detailed information about SBP features is shown in Table S1 . Then, we mapped the distribution of 138 SBP proteins with the values of RMW and theoretical pI in Figure 12 . In Group I, the theoretical pI of most SBP proteins ranged from 6 to 10, and the RMW was approximately 41.69 kDa, whereas the pI of most SBP proteins in Group IV ranged from 9 to 10 with a RMW of approximately 27.09 kDa. In Group III, the theoretical pI of most SBP proteins was between 5 and 11 and the RMW was approximately 43.93 kDa. Generally, the protein characteristics of Groups I-V in wheat were distributed extensively, implying their functional diversity. Furthermore, we compared the full length of 74 TaSBPs and analyzed the conserved domain structure ( Figure 13) . The results confirm that each protein contained a conserved 76-amino-acid coding region, which contained two zinc-binding sites C2HC (Cys (45) (70)). In addition, one NLS structure was located at the carboxyl terminus of the SBP domain and partially overlapped the second zinc finger structure ( Figure 13 ). Previous studies have confirmed that it plays an important role in guiding the SBP gene into the nucleus and regulating the transcriptional expression of downstream genes [9, 12] . When we compared the conserved domains of TaSBP protein sequences with DNAman 6.0, we found that a few sites in the SBP domain coding region had an amino acid substitution ( Figure 13 (Figure 14) . The TuSBPs sequence conservation of SBP domain was 75.94%, and the conservation of AeSBPs was 76.22%. In comparison, the conservation of the TdSBPs sequence was slightly lower, at 67.44%. In general, SBP family is relatively conservative among the four species we discussed. Previous studies have reported similar results in rice and maize [15, 17] . Therefore, we speculate that the domain of SBPs was relatively conservative in monocots species.
Information on subcellular locations of proteins can provide useful insights to reveal their Furthermore, we compared the full length of 74 TaSBPs and analyzed the conserved domain structure ( Figure 13) . The results confirm that each protein contained a conserved 76-amino-acid coding region, which contained two zinc-binding sites C2HC (Cys (45) (70)). In addition, one NLS structure was located at the carboxyl terminus of the SBP domain and partially overlapped the second zinc finger structure ( Figure 13 ). Previous studies have confirmed that it plays an important role in guiding the SBP gene into the nucleus and regulating the transcriptional expression of downstream genes [9, 12] . When we compared the conserved domains of TaSBP protein sequences with DNAman 6.0, we found that a few sites in the SBP domain coding region had an amino acid substitution ( Figure 13 (Figure 14) . The TuSBPs sequence conservation of SBP domain was 75.94%, and the conservation of AeSBPs was 76.22%. In comparison, the conservation of the TdSBPs sequence was slightly lower, at 67.44%. In general, SBP family is relatively conservative among the four species we discussed. Previous studies have reported similar results in rice and maize [15, 17] . Therefore, we speculate that the domain of SBPs was relatively conservative in monocots species. Information on subcellular locations of proteins can provide useful insights to reveal their functions [66] . The predicted result indicates that the majority of SBP proteins we identified were localized in the nucleus (Table S1 ). Moreover, the 138 SBP proteins had no signal peptides distribution. Zinc-binding sites and NLS structure are also labeled. Different colors represent the conservative degree of amino acids: black, 100% conserved; amaranth, 75-100% conserved; light blue, 50-75% conserved; yellow, 33-50% conserved; white, less than 33% conserved.
Discussion
SBPs are an important transcription factor family that exists only in plants and are known to regulate flower and fruit development along with other major physiological processes [2, 17] . In the present study, we determined the systemic characteristics of SBP proteins by referring to the model plants to achieve a comprehensive analysis of the SBP family in wheat. In our study, 74 SBP sequences from wheat were identified, with 15 SBPs from tomato (Solanum lycopersicum L.) [16] , 18 SBPs from grape [18] , and 19 SBPs from rice [15] . By comparing the genome data of the 13 plants we collected, we found that there are large differences in their genome size. In fact, the number of SBP genes varied among these plant species, but do not vary proportionally along with the changes in genome size ( Table S9 ). The discrepancy in the number of SBP genes in different plant species may be attributed to gene duplication. In our result, whole genome duplication (31 pairs), segmental duplication (29 pairs) and tandem duplication (6 pairs) events all contribute to the expansion of SBP gene family in wheat (Table S5) . Furthermore, these 74 TaSBP proteins were classified into five groups according to the phylogenetic tree. The members of Groups I, IV and V had relatively lower divergence than other groups, which had a more conserved exon-intron structure than other subgroups (Figure 1) . Similar results were obtained in Triticum urartu and Aegilops speltoides ( Figure 1 and Table 2 ).
The distribution patterns of the remaining genes were different between groups, as shown in Arabidopsis [14] , rice [15] , and tomato [16] . The phylogenetic tree also showed coevolutionary relationships between species, and the relationship among wheat, rice, barley and maize was closer than that of Arabidopsis, grape, apple and pineapple ( Figure S1 ). Therefore, we speculated that the common ancestors of SBPs may have evolved independently between different species during the evolution of plants from monocotyledons to dicotyledons. When the SBP genes in hexaploid wheat were compared with those of its diploid and tetraploid donors, we found that some genes were missing during polyploidization. For example, TuSBP17 and AeSBP6, we did not find their homologous genes in hexaploid wheat (Table S10 ). Another point is that we found no SBP gene distribution on chromosome 4B and 4D of wheat. When comparing the chromosomal map of TdSBP and AeSBP genes, we found that there is no TdSBP distribution on chromosome 4B. However, there is a distribution of AeSBP gene on chromosome 4, which is AeSBP6-DLa. We hypothesize that gene deletions on the 4D chromosome are associated with loss of genes produced by wheat during the third genome-wide doubling event [43] . In addition, there are genes that undergo duplication events during polyploidization. For instance, there are two genes on chromosome 6 in diploid (Triticum urartu) and tetraploid (Triticum dicoccoides), but a third gene TaSBP9-ASa appears on chromosome 6 in hexaploid wheat ( Figure 3; Figure 4 ). This suggests that the process of polyploidy affects the expansion of the SBP gene family in hexaploid wheat.
To date, the shortest SBP sequence is the protein AtSPL3 (131aa) [14] , and the sequence length of the SBP family varied widely during evolution. Based on our results, the length of SBPs is between 100 aa and 1129 aa, which increases the possibility of functional differentiation of the SBP family [11, 15] (Figure S2 ). Interestingly, both AeSBP6-DLa and TuSBP1-ALa are homologous genes of TaSBP1-ALa. TuSBP1-ALa and TaSBP1-ALa have similar structural distribution patterns, but AeSBP6-DLa and TaSBP1-ALa have significantly different genetic structures (Figure 1 and Tables 1  and 2 ). We hypothesized that AeSBP6-DLa may have different functions from TaSBP1-ALa, but this hypothesis needs to be verified by further experiments. Furthermore, the alignments indicated that all SBP proteins we identified contained the SBP domain. Each of them contained approximately 76 amino acids as a DNA-binding domain (DBD) [7, 10] . This DBD contained two different zinc-binding sites and an NLS in the N-terminal region [74] . The first zinc-binding site is Cys-Cys-His-Cys (C2HC) and the second is Cys-Cys-Cys-His (C3H). Each zinc-binding site can combine with one Zn 2+ and the binding pattern is fairly different from other zinc-binding sites found [7, 75] . The predicted results of subcellular localization indicate that the presence of SBPs in wheat and its diploid and tetraploid donors is more likely to be present in the nucleus as previously reported in other species, but this result requires further validation by experiments [12, 61, 76] .
Members from the same group may have a similar gene structure [11, 18] . By comparing the exon-intron structure, we found that gene structure could reflect the phylogenetic relationship of the SBP family to some extent. For example, all members in Group I contained three exons (Figure 1) . However, differences in gene structure between sequences cannot be ignored. On the one hand, we noted that the coding sequences of SBP genes we identified were interrupted by a variable number of exons, ranging from 1 to 11, and a similar situation has been reported in maize [17] , Arabidopsis [14] , and tomato [16] . This apparent quantitative difference may be ascribed to the expansion of SBP genes through the repeated events in evolutionary clades [37, 77] . On the other hand, the amino acid coding sequences of SBP proteins are also highly variable in the length of the sequences (Table S2 ). In addition, we also noticed that the genetic structure of each group is conserved, but the length of introns varies greatly. This situation has also been reported in rice [15] . Therefore, we speculate that the high level of divergence in the intron sequences between TaSBP, TuSBP, TdSBP, and AeSBP genes may also indicate that some of these introns have been involved in the evolution and diversification of SBP proteins.
Because motif composition is also an important indicator to classify different genes, we then analyzed and compared the motif composition of the SBP protein sequences [49, 78, 79] . Corresponding to the results of conserved domain analysis, the distribution of Motifs 1 and 2 were highly conserved in all sequences, and the annotation showed that they were all zinc-binding sites ( Figure 13 ). However, similar to the intron distribution, there were significant differences in the numbers and the configuration mode of patterns of motifs. Of all SBP sequences with three exons, motif numbers fluctuated between 5 and 20, and the SBP-box domain had no fixed position in the sequence (Figure 2 ). Similar results have been seen in other species, including moss [80] , moso bamboo [11] , and maize [17] . At the same time, we also noticed that there were similar motifs and orders of motifs in the proteins for each group. These indicated that the genes in same group might have similar functions in plant development. However, Motifs 1 and 2 have been shown to be zinc binding sites, and the functions of other motifs require further experimental verification. We also analyzed the data of TaSBP gene splice variants ( Figure S2 ). The result shows that different splice variants of the same gene are conserved in gene structure and motif combination, which may mean that the function of the gene is also conserved.
Combined with the results of the analysis of the cis-acting elements, we found that the elements of SBPs are mainly enriched in six elements: TATA-box, CAAT-box, G-box, Sp1, ABRE, CGTCA-motif, and TGACG-motif. However, combined with the expression profile, we found that the enrichment of elements is not directly related to the functioning. For example, ABRE is the main element in response to drought stress which most enriched on genes TaSBP3-ALa, TaSBP3-BLa, TaSBP3-DLa. However, under drought stress, the expression levels of TaSBP6-ALa, TaSBP6-BLa, TaSBP6-DLa, TaSBP14-ASa, TaSBP14-BSa, and TaSBP14-DSa are much higher than those of TaSBP3-ALa, TaSBP3-BLa, and TaSBP3-DLa. This may mean that the exercise of the TaSBP gene function may be regulated by multiple elements.
In addition, SBP genes were mapped to corresponding chromosomes to determine their physical position, and we found that SBP genes were widely but not evenly distributed on chromosomes. Similar findings have been reported in other wheat transcription factor families, such as MADS [81] , AP2/ERF [82] , and MAPKKK [83] . The number of genes on chromosome 7 (23 genes) was the most, whereas the number of genes on chromosome 4 (1 gene) was the least in wheat. More interestingly, members of the same group were always located in similar locations in different subgenomes of the same chromosome (Figure 3 ). The only exception was gene TaSBP6-ALa, whose triad genes in B and D subgenome were both located on chromosome 5. Chromosome doubling events during evolution have been discussed in wheat [84, 85] . In the results, we found that gene replication or loss occurred during polyploidization by comparing the distribution of SBP genes in hexaploid wheat from its diploid and tetraploid ancestors (Figure 3 and Figure S2 ).
Our analysis of SBP gene expression profiles in different tissues contributes to our understanding of the dynamics of gene expression in wheat. The results show that a few TaSBP genes (TaSBP6-ALa, TaSBP6-BLb and TaSBP6-DLa) had relatively high transcript accumulation in various organs, indicating they have indispensable roles in different growth stages of wheat ( Figure 9 ). Conversely, many proportions of SBPs members displayed distinct tissue-specific expression patterns. For example, at anthesis, 18 genes (TaSBP1-ALa, TaSBP1-BLb, TaSBP1-Dla, TaSBP6-ALa, TaSBP6-BLb, TaSBP6-DLa, TaSBP9-ASa, TaSBP9-ASb, TaSBP9-BSa, TaSBP9-DSa, TaSBP11-ASa, TaSBP11-BSa, TaSBP11-DSa, TaSBP14-ASa, TaSBP14-BSa, TaSBP14-BSb, TaSBP14-DSa, and TaSBP14-DSb) were highly expressed in stigma or ovary. These tissue-specific genes may be functionally related to reproductive development. In the process of plant growth, plants are subjected to various abiotic or biological stresses, such as drought stress [4] , cold stress [86] , heat stress [87] , and multiple biotic stresses [88] . These survival pressures will lead to the reduction of wheat yield and bring negative impact on social-economic stability [4, 87] . In the present study, the expression of the TaSBP6-ALa, TaSBP6-BLb, and TaSBP6-DLa, genes were upregulated under heat stress (Figure 9 ). Previous studies have shown that AtSPL1 and AtSPL12 inflorescence displays hypersensitivity to heat stress. According to Figure S1 , TaSBP6-ALa, TaSBP6-BLb, TaSBP6-DLa, AtSPL1 and AtSPL12 were in the same branch of the evolutionary tree, with 92.11% homology of the SBP-box domain, and are likely to have similar functions in improving plant thermotolerance [88] (Figure S3 ). Under drought starvation treatments, the expression of TaSBP14-DSa increased with increased treatment time, while the expression patterns of TaSBP14-BSa is completely opposite in Giza168. Moreover, the expression patterns of the TaSBP14-ASa and TaSBP14-DSa were not identical in another cultivar, Gemmiza 10. As shown in Figure 10 , 18 genes were expressed by Fusarium graminearum infection both in NIL38 and NIL51 (Table S8 ). We speculated that these genes may be involved in plant defense mechanisms. In addition, 18 genes were widely expressed in various tissues at different growth stages, and the expression of genes TaSBP6-ALa, TaSBP6-BLb, and TaSBP6-DLa was significantly higher than others. Generally, gene TaSBP6-ALa, TaSBP6-BLb, and TaSBP6-DLa were expressed at many stages of wheat development, and responded to various environmental pressures such as heat, drought, stripe rust, and Fusarium graminearum infection. Therefore, we suggest that these three genes can be considered as candidate genes for exploring the mechanisms of wheat development and stress regulation. Additionally, our study illustrates the convenience of transcriptome data analysis for screening in the early stage of the experiment. Based on this, we can screen appropriate candidate genes for functional verification and mechanism analysis.
Conclusions
In this study, we systematically identified and classified the SBP gene families in wheat and its diploid and tetraploid donors, including phylogenetic relationships, evolutionary patterns, and exon/intron structure analysis. In total, 74 TaSBP proteins were obtained and were classified into Groups I-V after systematic investigations. These proteins were transcribed from 56 genes, 35 of which are target genes for miRNA156. Seventeen TuSBP and 16 AeSBP proteins were disturbed on seven chromosomes. Thirty-one TdSBP proteins were disturbed on 13 of 14 chromosomes. The results of cis-acting elements analysis show that the SBP genes were enriched on CAAT-box and TATA-box elements upstream of the sequences. In diploid and tetraploid donors, 5 TuSBPs, 14 TdSBPs and 9 AeSBPs are the target genes of miRNA156. Interestingly, none of the members of Group III were miRNA156 s target genes. Concurrently, the SBP-box domain is highly conserved in TaSBPs. WGD, tandem and segmental duplications contributed to the expansion of the SBP gene family. The wheat SBP genes were involved in crucial processes, including some stages of plant growth and defensive responses to some abiotic and biotic stresses. These data bring new insight to the control of TaSBP gene expression at the transcriptional level, which provides new clues for further functional characterization of SBP genes and genetic improvement of wheat.
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